Abstract. Recently, the RNA interference (RNAi) pathway has become the target of small molecule inhibitors and activators. RNAi has been well established as a research tool in the sequence-specific silencing of genes in eukaryotic cells and organisms by using exogenous, small, double-stranded RNA molecules of approximately 20 nucleotides. Moreover, a recently discovered post-transcriptional gene regulatory mechanism employs microRNAs (miRNAs), a class of endogenously expressed small RNA molecules, which are processed via the RNAi pathway. The chemical modulation of RNAi has important therapeutic relevance, because a wide range of miRNAs has been linked to a variety of human diseases, especially cancer. Thus, the activation of tumor-suppressive miRNAs and the inhibition of oncogenic miRNAs by small molecules have the potential to provide a fundamentally new approach for the development of cancer therapeutics.
INTRODUCTION
RNA interference (RNAi) is a cellular mechanism to regulate eukaryotic gene expression in a sequence-specific fashion by either inducing degradation of a messenger RNA (mRNA) or inhibiting its translation (1) (2) (3) . RNAi can be triggered by two classes of RNA molecules: (1) smallinterfering RNAs (siRNAs) either endogenously encoded (3) or derived from longer double-stranded RNA (dsRNA), which are transcribed from various vectors or are directly introduced into cells by injection or transfection (4) (5) (6) , and (2) microRNAs (miRNAs) processed from stem-loop precursors that are encoded within the host genome (4, 6, 7) .
Both siRNAs and miRNAs are single-stranded noncoding RNAs of 21-23 nucleotides that negatively regulate gene expression at the post-transcriptional level. While siRNAs are typically exogenous in nature (although endogenous examples have recently been reported), miRNAs represent a new class of endogenous gene regulators that function by binding the 3′ untranslated regions (UTRs) of target mRNAs leading to their downregulation through either suppression of translation or degradation (1, 2) . However, recent investigations in cell culture showed that the silencing by miRNAs is not confined to 3′ UTRs but can also occur in the 5′ UTR (8) . Moreover, miRNAs were recently discovered that actually activate the expression of their target genes (9) .
It is estimated that approximately 1,000 miRNAs exist in humans and that they are involved in the regulation of up to 30% of all genes and almost every genetic pathway (10) (11) (12) (13) (14) . The pivotal role that miRNAs play in the regulation of a wide range of biological processes, including cell cycle progression and proliferation, differentiation, cell survival, and development, has become increasingly evident in recent years (15) . Moreover, increasing evidence is accumulating that connects the misregulation of miRNAs to a wide range of human diseases.
The miRNA and siRNA Biogenesis Pathway
Initially, miRNAs are transcribed by RNA polymerase II as primary transcripts (pri-miRNAs) that require subsequent processing to yield a functionally mature miRNA ( Fig. 1) (2, 16) . The pri-miRNA transcripts contain a 5′ 7-methylguanosine cap and a 3′-polyA tail, range from hundreds to thousands of nucleotides in length, and consist of monocistronic or polycistronic miRNAs. Pri-miRNAs are processed in the nucleus by the RNAse III enzyme Drosha, partnering with DGCR8 (in vertebrates) or Pasha (in invertebrates) (17) (18) (19) . The Drosha-DGCR8 complex converts pri-miRNAs into shorter, stem-loopstructured dsRNAs of 70-80 nucleotides called precursor miRNAs (pre-miRNAs), with the mature miRNA included in their arms (17) (18) (19) . Pre-miRNAs contain a 5′-phosphate and a two nucleotide 3′-hydroxy overhang, and are transported from the nucleus to the cytoplasm. Here, they are processed by Dicer, another RNase III enzyme, into mature miRNAs (20) (21) (22) (23) (24) . Mature 21-23 nucleotide miRNAs enter the effector complex, called the RNA-induced silencing complex (RISC), to target single-stranded complementary mRNAs for translational repression or mRNA degradation, thus downregulating gene expression levels (25) (26) (27) (28) . In general, incomplete hybridization due to base-pair mismatches between RISC and the target mRNA inhibits mRNA translation rather than inducing mRNA degradation. Several mechanisms of translational silencing have been suggested, including the blocking of translation initiation or elongation and miRNA-mediated mRNA transport to Pbodies, inducing repression of translation and mRNA turnover (8, (29) (30) (31) .
The processing and the functional pathway of miRNAs are partly shared by other dsRNAs which can trigger RNAiinduced gene silencing ( Fig. 1) (4-7) . These typically exogenous dsRNAs are often transfected into cells or expressed as short hairpin RNA (shRNA) from viral expression vectors. They are processed into siRNAs in a similar fashion as pre-miRNAs are processed into miRNAs. In contrast to the often imperfectly paired miRNAs, siRNAs commonly exhibit perfect sequence complementarity to their target. Although both processing pathways share some components in eukaryotic organisms, for example, Dicer processing and loading into RISC, they differ in distinct steps within the nucleus (Fig. 1 ).
Cellular Regulation of microRNA Biogenesis
The expression levels of mature miRNAs directly affect the level of downregulation of the corresponding miRNA targets. The misregulation of miRNA expression leads to a misregulation of the miRNA target which can have severe implications on cellular homeostasis, with the possibility to turn normal cells into malignant cells. Thus, nature has developed several regulatory mechanisms along the miRNA pathway to control the level of individual miRNA expression. Despite the increasing knowledge in the miRNA field and its direct correlation to a variety of human pathologies, the molecular details of miRNA regulation is one of the least understood aspects of miRNA function. Selected examples are discussed below in order to illustrate the different regulatory mechanisms of miRNA biogenesis and to showcase potential targets for small molecule intervention.
1. Pre-transcriptional regulation of miRNA expression.
The biogenesis of miRNAs at this level is either affected by a change in miRNA gene copy number (frequently found in human cancers), mutations in the miRNA gene, or histone deacetylation and hypermethylation of miRNA promoter regions (32) (33) (34) . For example, the tumor-suppressive miRNA miR-127 translationally downregulates the human protooncogene BCL6. Thus, it is not surprising that miR-127 is either downregulated or completely silenced in a wide range of tumors (35) . An analysis of the promoter region specific for miR-127 in the T24 bladder cancer cell line revealed a high level of methylation, effectively inhibiting miR-127 expression. However, when these cells were treated with a DNAdemethylating agent (5-aza-2′-deoxycytidine) and an inhibitor of histone deacetylase (4-phenylbutyric acid, leading to increased histone acetylation), a 49-fold increase in miR-127 expression was observed (35 As shown in Fig. 1 , two RNase III endonucleases, Drosha and Dicer, post-transcriptionally process the primiRNA transcript to produce mature miRNAs. These enzymes are general factors that non-specifically control miRNA biogenesis, and thus their activity regulates the cellular abundance of all miRNAs. The global analysis of miRNA expression in cancers revealed a widespread downregulation, presumably due to a failure at the Drosha processing step (39) . A surprisingly specific post-transcriptional regulation mechanism was found in the processing of pri-miR-21 in human vascular smooth muscle cells. Here, bone morphogenic protein and transforming growth factor β induce an interaction between the SMAD1 protein associated with pri-miR-21 and Drosha through the RNA helicase p68, a subunit of Drosha. This results in an increase in pri-miR-21 processing to mature miR-21, and thus an increased miR-21 level (40).
Another recently discovered post-transcriptional miRNA regulatory mechanism involves the RNAbinding protein KH-type splicing regulatory protein (KSRP), which was found to promote the biogenesis of several miRNAs (41) . Transient knockout of KSRP in HeLa cells led to more than 1.5-fold reduction of 14 miRNAs, including let-7a, miR-16, miR-20, miR-21, miR-26b, and miR-106a. KSRP interacts with the terminal loop of the regulated miRNAs and binds preferentially to short G-rich stretches of at least three guanosine residues, although the regulation of miRNAs with other guanosine patterns in the terminal loop was observed as well. Upon binding to the miRNA, KSRP may optimize the positioning and/or recruitment of the miRNA precursor processing complexes through protein-protein interactions (41) .
Of the three levels of regulation, both pre-and posttranscriptional regulations are believed to be generally less miRNA-specific, whereas regulation at the transcriptional level offers a higher degree of specificity as transcription factors are presumably involved in the development-and cellspecific regulation of distinct miRNAs (36) . All three regulatory mechanisms present potential targets for the activation or deactivation of miRNA function with small molecules.
microRNAs and Human Diseases
Recently, certain miRNAs have been linked to a variety of human diseases, including diabetes, viral infections, as well as neurodegenerative and myocardial diseases. Arguable, the best understood involvement of aberrantly expressed miRNAs is observed in the development and progression of cancer. Here, miRNAs specifically act as tumor suppressors (e.g., let-7, miR-15/16, miR-34a, or miR-143/145) or inhibitors of apoptosis (e.g., miR-21, miR-155, or miR-214) (34, 42, 43) . A list of selected miRNAs with relevance in cancer and cell death is shown in Table I .
Thus, miRNAs not only represent viable markers for the detection and characterization of cancers but also provide potential targets for the development of new cancer therapeutics. Since miRNAs are multi-specific by nature and individual miRNAs are capable of modulating the expression of networks of mRNAs, miRNA-based therapy offers the appeal of targeting entire gene circuits that are controlled by a single, misregulated miRNA.
ASSAYS FOR THE DISCOVERY OF SMALL MOLECULE MODIFIERS OF THE MIRNA AND SIRNA PATHWAY
Several assays have been developed in order to discover small molecule modifiers of miRNA and siRNA function in either a general or an RNA-specific way.
Enzyme-based Assay for Small Molecule Inhibitors of miRNA Maturation
A fluorescence assay was developed to measure the activity of Dicer. Based on the pre-miRNA sequence of let-7, an RNA hairpin was designed which carries a fluorescence emitter (fluorescein, F) at the 5′ terminus and a fluorescence quencher (dabcyl, Q) at the 3′ terminus ( Fig. 2) (44) . Due to the close proximity of the fluorophore and the quencher, no fluorescence is detected in the case of an intact hairpin. However, upon incubation with Dicer and subsequent processing, an up to tenfold increase in fluorescence was detected. Since the hairpin substrate has no 3′-terminal overhang, it is cleaved several nucleotides further away from the helical end. This results in the cleavage of a total of four phosphodiester bonds, removing the terminal fragments containing the fluorophores from the pre-miRNA and thus prohibiting the quenching of fluorescence (45) . The ability to measure the inhibition of pre-miRNA cleavage by Dicer was demonstrated through sequestering the miRNA hairpin by certain peptides, which led to an increase in fluorescence of up to 85% (44) . However, so far, no application of this assay towards the screening of small molecule libraries for inhibitors of Dicer has been reported. An advantage of this cellfree assay is its low cost per well, with the disadvantage that miRNA-specific compounds will only be identified if they directly interact with the miRNA itself.
Cell-based Assay for Small Molecule Activators of the RNAi Pathway
A cellular assay system was developed by generating an HEK293 cell line stably expressing enhanced green fluorescent protein (EGFP) that was subsequently infected with a lentivirus expressing a shRNA which is processed into an siRNA specifically targeting EGFP mRNA (46) . The shRNA expression led to reduced levels of EGFP via RNAi. In order to setup a screen for general small molecule activators of the RNAi pathway (Fig. 3) , individual cell clones with moderate reductions in GFP expression were selected. The ability of this assay to identify small molecule modifiers of RNAi was validated by transfecting the reporter cells with active and inactive 2′-OMe antisense agents targeting the EGFP siRNA. This assay has been applied in the screening of a small molecule collection for general activators of the RNAi pathway (see below).
Cell-based Assay for Small Molecule Inhibitors of Specific miRNAs
Plasmids were constructed based on lentiviral vectors containing the target sequences of mature miRNAs, as well as a control sequence with no detectable recognition by natural miRNAs, downstream of a luciferase reporter gene (Fig. 4 ) (47) . Mature miRNAs bind to their target sequence on the reporter mRNA and either suppress translation or induce the degradation of the mRNAs, thus silencing luciferase. Hence, the luciferase-complementary sequence plasmids can serve as sensors to detect the presence of specific mature miRNAs. Any interference of the miRNA processing pathway, for example, by small molecules, that results in the deficiency of mature miRNA processing can be detected using these reporter systems. This assay has been applied in the screening of small molecule collections for inhibitors of miR-21 function (see below). Both cell-based assays described here have the advantage that they are not biased towards or against any specific part of the miRNA pathway. Molecules can be identified that can activate or inhibit any component of the pre-transcriptional, transcriptional, and post-transcriptional miRNA processing machinery, as well as the miRNA itself. This increases the chances of identifying hit compounds, and the isolated modifiers of specific miRNAs can subsequently be used as tools to investigate miRNA biogenesis.
SMALL MOLECULE ACTIVATORS OF THE RNA INTERFERENCE PATHWAY
The assay described in Fig. 3 was used to screen a collection of 2,000 small molecules to identify compounds which activate the RNAi pathway and thus induce a further reduction of the GFP signal (46) . One molecule, the fluoroquinolone enoxacin (1, see Fig. 5 ), reduced GFP expression approximately threefold at a 50-μM concentration. The silencing of other endogenous genes by siRNAs either expressed as shRNAs or directly transfected was tested as well. A similar improvement of two-to threefold in the presence of 1 was observed, while unrelated transcripts were not affected, indicating that enoxacin enhances RNAi in a universal fashion. By comparing the gene knockdown efficiency among different concentrations of a transfected siRNA duplex, it was found that enoxacin (1) substantially reduces the siRNA dosage (by a factor of up to 100) required to achieve comparable knockdown efficiency. Fluoroquinolones, like 1, have a broad antimicrobial spectrum and are very successful at treating a variety of bacterial infections (48) . The screening of nine additional fluoroquinolones showed no to moderate RNAi-enhancing activity in those molecules. Thus, the RNAi-enhancing activity of 1 does not depend on a general fluoroquinolone activity, but rather on the unique chemical structure of enoxacin and a few related analogs. Importantly, no global effects of 1 on mRNA levels were detected in a microarray-based transcriptional profiling experiment. This is supported by the observation that 1 also does not affect the majority of miRNAs investigated in this study (142/157 miRNAs were unaffected). Further in vitro and in vivo investigations into the mechanism of action of 1 revealed that enoxacin promotes the processing and loading of siRNAs/miRNAs onto RISCs by facilitating the interaction between TAR RNA-binding protein (TRBP) and RNAs. Indeed, it has been shown that the functionality of siRNAs is highly associated with the binding affinity of TRBP (49); therefore, the enhanced interaction between TRBP and RNAs mediated by enoxacin could be the basis of the RNAi-enhancing activity.
SMALL MOLECULE INHIBITORS OF THE RNA INTERFERENCE PATHWAY
By co-transfecting plasmids expressing RFP and EGFP, together with an siRNA targeting EGFP, in HeLa cells, an assay similar to the activator assay discussed above (Fig. 3 ) was employed to screen a collection of ATP analogs based on a dihydropteridine scaffold (50) . This screen was developed to deliver potential small molecule probes of ATP-dependent events occurring within the RNAi pathway. Two identified compounds, 2 and 3 (Fig. 6) , completely inhibited EGFP silencing at 50 μM (and silencing of the endogenous CDK gene at 100 μM). Compound 3 was further investigated for its mode of action, and it was discovered that RISC complexed with single-stranded siRNA or miRNA was not inhibited. However, it appears that 3 specifically affects an early unwinding step in the RNAi pathway, suggesting that its target is an ATP-dependent RNA helicase. Interestingly, no affect of 3 on the miRNA pathway was observed, since let-7 activity was not affected by the inhibitor. The precise molecular target of 3 has not been reported to date.
SMALL MOLECULE INHIBITORS OF A SPECIFIC MICRORNA, MIR-21
miRNA miR-21 was selected as the target for the discovery of specific miRNA inhibitors, because it has been directly linked to several human malignancies. It is upregulated in a large number of primary tumors and cell lines, including glioblastoma (51), breast (43, 52) , pancreatic (53), head, neck (54), cervical (55), colorectal (56), ovarian (57) , and hepatocellular cancer (58) . Furthermore, it has been demonstrated that knockdown of miR-21 with antisense agents induced apoptosis and reduced cell growth in glioblastoma (51), breast cancer (43, 52) , and hepatocellular carcinoma cells (58) , presumably by triggering the activation of caspases 3 and 7 (59). This antitumor effect of miR-21 knockdown was also confirmed in xenograft models of glioblastoma (60) and breast cancer (43, 52) . These reports validated miR-21 as a promising and new target for the development of cancer therapeutics.
Lentiviral vectors based on the assay shown in Fig. 4 were constructed, containing the complementary sequences of mature miR-21. The Luc-miR-21 reporter, stably introduced into HeLa cells, displayed a 90% decreased luciferase signal in Fig. 4 . Assay for microRNA (miRNA) function via control of luciferase by a 3′ miRNA target sequence. The presence of the matching miRNA in cells transfected with the reporter construct silences luciferase expression. In the presence of small molecule miRNA inhibitors, the system is reverted back to the expression of the reporter gene which can be detected by an increase in the luciferase signal These results strongly suggest that compound 5 is an inhibitor that targets transcription of the miR-21 gene, but not downstream processes of the common miRNA pathway (47) . However, the exact cellular target of 5 is still unknown. As mentioned above, miR-21 is one of the most significantly upregulated miRNAs in breast cancer, especially estrogen receptor (ER) α positive breast cancer cells (61) . However, the mechanisms leading to this upregulation are unknown. Since the development of breast cancer can be stimulated by exposure to estrogens, investigations of the effect of estradiol (6, see Fig. 8 ) on miR-21 expression have been conducted. Interestingly, two studies came to opposite conclusions, either linking a downregulation of miR-21 (62) or an upregulation of miR-21 after exposure of breast cancer cells to 6 (63) . The upregulation of miR-21 levels in the presence of 6 was observed in MCF-7 cells and cell lines derived from MCF-7. An approximately twofold increase in miR-21 expression was observed after a 4 h exposure to 6 (10 nM). Estradiol (6) binds to the ERα, inducing dimerization and translocation into the nucleus, followed by the induction of gene transcription. However, further characterization of the regulation of miR-21 suggests that free ERα represses miR-21 expression (ERα-binding sites were located in the miR-21-regulatory region) and that 6 relieves this repression. It was also found in the same study that 6 induces the expression of Dicer, suggesting that 6 regulates the miRNA pathway on the transcriptional as well as the processing level (63) .
In contrast, another simultaneously published study on the effect of 6 on miR-21 expression came to the conclusion that 6 leads to a miR-21 downregulation (62). The authors found that exposure of MCF-7 cells to 6 (10 nM, 6 h) reduced miR-21 levels approximately twofold. This estradiol-induced downregulation of miR-21 correlated with an increasing expression of miR-21 target genes, including PDCD4, PTEN, and BCL-2. Moreover, the ER antagonist 4-hydroxytamoxifen inhibited reduction of miR-21 levels by 6 (62). These controversial results reveal the complexity of miRNA regulatory networks and demonstrate the necessity to further investigate miRNA biogenesis and regulation.
Several anti-cancer drugs interfere with nucleic acid function and nucleic acid metabolism, and thus could potentially affect miRNA expression levels. This has been tested for 5-fluorouracil (7, see Fig. 8 ), an established chemotherapeutic agent that acts as a thymidine biosynthesis inhibitor and is applied in the treatment of colon and pancreatic cancer. Exposure of two colon cancer cell lines, C22.20 and HC.21, to 7 for 6 days at a therapeutic relevant concentration of 10 μM led to a two-to eightfold increase of several miRNAs, including miR-21 (64) . The authors of this study speculated that the upregulation of anti-apoptotic miRNAs, like miR-21, could be a cellular response to the cytotoxic effects of the drug.
SMALL MOLECULES THAT DIRECTLY INTERACT WITH MIRNAS
Several small molecules have been reported that directly bind to RNAs (65, 66) , including miRNAs (67, 68) . Helixthreading peptides were discovered, which consist of an acridine core that acts as a RNA-duplex intercalator, which is flanked by short peptides (e.g., N-Ser-Val-acridine-Arg-C) (67) . A selection of RNA binders using the SELEX process followed by RNA footprinting experiments revealed a minimal five base-pair dsRNA sequence for efficient small molecule binding, with a binding constant of 16 μM. The base pairing in that sequence is imperfect and is interrupted with bulges, which is necessary for the peptide-intercalator conjugate to thread through the RNA duplex. The same RNA sequence has been found in pre-miR-39 from Caenorhabditis elegans, and binding of the small molecule might interfere with miR-39 processing. However, no pre-miR-39 binding of the compound has been demonstrated to date. In another report, an shRNA-targeting luciferase was modified with a G-rich loop and three additional Gs at the 5′ end, in order to enable potential G-quadruplex formation (68) . Even though no evidence for actual G-quadruplex formation of this oligomer was provided, a set of classical G-quadruplex small molecule binders were screened for their ability to inhibit processing of the shRNA. Two bisquinolinium compounds and a porphyrazine showed selective inhibition of the processing of the G-modified shRNA compared to a control shRNA. The most selective bisquinolinium displayed complete Dicer inhibition at 7.5 μM and a binding constant of 290 nM to the G-modified shRNA, while no binding could be observed to the control shRNA. However, the same compound did not show any activity in a cell-based luciferase assay. A possible explanation for this observation could be the sequestering of the compound by other intracellular G-quadruplexes (69).
Both approaches described above were developed starting with the small molecules, followed by the identification of suitable miRNA binding sequences. Although these studies provide important information on cellular RNA-small molecule interactions and the design of small molecule binders, both approaches are not as general as selecting a certain miRNA and then developing a small molecule inhibitor of its function by conducting a small molecule screen (as shown in Figs. 3 and 4) . Moreover, no miRNA inhibitory activity of the described peptide-intercalator conjugate or the quadruplex binding compounds was reported.
CONCLUSION
The recent development of small molecule activators and inhibitors demonstrates that the miRNA and RNAi pathway represents a viable small molecule target. Several screens have been developed to discover molecules which either activate or inactivate the RNAi pathway in a general fashion or with miRNA sequence specificity. The discovered small molecule modifiers of the miRNA and siRNA pathway represent unique tools to further explore the regulation and biogenesis of RNAs involved in the post-transcriptional silencing of genes and their implication in human pathologies. These small molecules have several advantages over traditional nucleic acid-based tools to manipulate miRNA function, since they are more easily delivered into humans or animals, they are more stable intracellularly, and they are less expensive to manufacture. Based on these promising developments, it can be expected that several new small molecule activators and inhibitors of miRNA and siRNA function will be discovered in the near future.
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